Vaccination is an effective means of preventing influenza, and the rapid emergence of oseltamivir-resistant human A(H1N1) seasonal influenza viruses in 2007, which persisted in circulation until mid-2009, highlight the strategic importance of preventative measures [1, 2] . Patients with impaired immune function due to disease or therapy are recommended for annual vaccination in most national vaccination guidelines. These recognize the difficulty in defining a level of immunosuppression that represents a threshold below which vaccination is recommended and above which (all other things being equal) it is not, such as the daily dose of prednisolone producing clinically relevant immunosuppression [3] . Furthermore, the underlying causes of immunocompromise are diverse, and susceptibility to influenza may vary. Decisions about vaccination are frequently devolved in practice to the discretion of individual clinicians, but doubts remain about effectiveness according to etiology of immuno-compromise.
We conducted a systematic review and meta-analyses to assess influenza vaccination for immunocompromised patients. Overall results from a public health policy perspective, including details of the study methodology, have been reported elsewhere [4] . This article presents an analysis stratified by etiology of immunocompromise, of potentially greater relevance to clinicians managing such patients.
METHODS
Our full methodology has been detailed elsewhere [4] , and an abbreviated protocol is published on the National Institute for Health Research international prospective register of systematic reviews (PROSPERO) Web site [5] . Four review questions were specified a priori, to study the prevention of clinically diagnosed influenza or influenza-like illness (ILI) and laboratory-confirmed influenza, serological response, and adverse events associated with influenza vaccination.
Search Strategy and Selection Criteria
We searched healthcare databases and sources of gray literature for studies reporting outcomes after influenza vaccination in patients with immunocompromise due to primary or secondary immunodeficiency. The definition of these conditions was based on immunization policy of the World Health Organization and the Department of Health, United Kingdom. All identified studies were sifted against the protocol eligibility criteria. Patients with malnutrition and tuberculosis were also included as conditions commonly associated with immunocompromise in developing countries; studies were excluded that reported data from patients with drug-induced immunosuppression where <80% were receiving therapy (including long-term inhaled corticosteroids) [5] . We used a standardized, piloted form to extract data and assessed the risk of bias for all included studies using standard tools [6] [7] [8] . Data on serological response and adverse events were extracted according to Committee for Human Medicinal Products (CHMP) criteria, in addition to serious adverse events and disease progression [9, 10] .
Data Analysis
This article reports an analysis stratified by etiology of immunocompromise. A narrative approach was used to synthesize the risk of bias assessments and extracted data to inform each review question [11] . Where appropriate, meta-analysis of odds ratios estimated the pooled effect size of vaccinating immunocompromised patients versus immunocompetent controls and immunocompromised patients receiving placebo or no vaccination (PNV) using Stata software, version 10 (StatCorp). Analyses were initially performed using a random effects model, but re-executed using a fixed effects model where heterogeneity was low (I 2 < 40%). Meta-analyses were abandoned where heterogeneity was high (I 2 > 85%). We assumed statistical significance of pooled odds ratios at the 5% level, as assessed using the χ 2 test. Publication bias was assessed using Begg's funnel plots and Egger's regression test.
RESULTS
We identified 209 studies from 219 records meeting protocol eligibility criteria. Details of the study selection process (including PRISMA diagram), a summary of the included studies and risk of bias assessments is described elsewhere [4] . Figure 1 depicts the number of studies identified by etiology of immunocompromise and research question; in addition to the categories of immunocompromise shown, we identified another 7 studies that met the protocol eligibility criteria and were classified as reporting data on "other" etiological categories. However, no subanalysis was undertaken for these owing to heterogeneity between studies and the significant paucity of information. Because of the volume of data generated by this systematic review, forest plots of each meta-analysis have not been presented but are available on request. Meta-analyses of serological outcome measures are summarized in Table 1 , and selected results presented in Figures 2 and 3 . Publication bias was absent from all meta-analyses unless stated otherwise.
Patients with HIV Infection
Thirteen studies reported data on the incidence of ILI after influenza vaccination in patients with human previous meta-analyses that found a reduction in symptomatic or laboratory-confirmed influenza [12] [13] [14] [15] . Among studies unsuitable for meta-analysis, we found evidence to suggest that the rate of ILI after vaccination was lower in HIV-positive patients than in PNV controls, and comparable to that in vaccinated immunocompetent (VICT) controls. Four studies reported data on laboratory-confirmed influenza in HIV-positive patients (including the 2 aforementioned systematic reviews). Meta-analysis of 2 studies (PNV comparator) yielded a pooled effect size of 0.15 favoring vaccination (95% CI, .03-.63; P = .01) with moderate heterogeneity (I 2 = 50.4%; P = NS). Narrative synthesis similarly identified a lower rate of laboratory-confirmed influenza in HIV-positive patients than in PNV controls, although there was a paucity of data comparing these rates with those in VICT controls [13, 16] . Data on serological response to influenza vaccination in HIV-positive patients were extractable from 47 studies. Table 1 shows that meta-analysis of seroconversion and seroprotection by influenza strain typically resulted in a significantly reduced response in HIV-positive patients compared with VICT controls. Analyses of seroconversion for seasonal influenza A(H1N1) and B, compared to PNV controls, favored patients who received active vaccine, but neither analysis reached statistical significance. In addition, some studies reported mean geometric increase in hemagglutination inhibition (HI) titer after vaccination in HIV-positive patients, demonstrating an inferior response compared with HIVnegative controls. Many single-arm clinical studies showed an increase in number of HIV-positive patients reaching the CHMP criteria for serological response after vaccination, compared with baseline.
Twenty-four studies reported local or systemic adverse events, typically mild, because influenza vaccination was generally well tolerated. Where these studies included a control group, variation in the rate of adverse events was shown between HIV-positive patients and VICT or PNV controls, although most found no significant difference or similar frequencies between groups. Thirty-six studies measured laboratory or clinical variables describing the effect of vaccination on HIV status in infected patients, such as CD4 + cell count, HIV load, or RNA level at variable lengths of follow-up. Many single-arm clinical studies and controlled clinical trials reported no significant change in such variables when comparing baseline with post-vaccination levels. In contrast, Gunthard et al described a decrease in proviral DNA levels in patients with <400 RNA copies/mL at baseline but found increased HIV RNA levels at 4 weeks after vaccination in patients with a baseline titer of <50 copies/mL [17] . Other studies reported a transient increase in HIV titer after vaccination, which typically returned to baseline levels within 1 month, but sustained elevations in a number of individual vaccinees [18] [19] [20] [21] . In addition, Staprans et al showed a statistically significant correlation between plasma viremia and immunological response, and a substantially greater mean fold increase in HIV RNA titer in individuals with high baseline CD4 + cell count [21] . Rosok et al showed a rapid increase in viremia and modest elevation in the frequency of infected cells of patients with a low baseline HIV load; a decrease in viremia and a significant rise in the rate of infected cells was observed in those with a high baseline HIV load [18] . Two controlled clinical trials showed increases in viremia, and a decrease in the percentage of CD4 + cells was shown by Tasker et al [22, 23] . No serious adverse events were reported as being related to administration of influenza vaccination.
Patients With Cancer
Twelve studies reported data on the incidence of ILI after vaccination in patients with cancer. Meta-analysis of 2 studies (PNV comparator) showed a statistically significant pooled odds ratio of 0.26 (95% CI, .15-.46; P < .001) with no heterogeneity (I 2 = 0.0%; P = NS) [24, 25] . Studies comparing rates between patients with cancer and VICT controls showed comparable rates of ILI [24, [26] [27] [28] . One study conducted during the 2009 pandemic reported ILI in 5 of 97 patients with cancer, compared with none of 25 healthy controls, although all 5 patients were confirmed negative for influenza A(H1N1) by reverse-transcriptase polymerase chain reaction, and no test of statistical significance was performed [26] . A number of single-arm studies reported low rates of ILI in vaccinated patients with cancer. Six studies reported on laboratory-confirmed influenza infections in vaccinated patients with cancer, 3 of which recruited a VICT control group. Data were inadequate for meta-analysis, because only 1 study identified a single swab-positive case of influenza A(H3N2) in a vaccinated patient [29] .
Fifty studies reported on immunological response to vaccination in patients with cancer. Meta-analysis of seroconversion and seroprotection by influenza strain shows a significantly reduced response in patients with cancer compared with VICT controls (see Table 1 ). However, evidence of publication bias was found in the analysis for seasonal influenza A(H1N1) (Egger's test; t = −2.37; 95% CI, −6.37 to −.14; P = .04), B (Egger's test; t = −3.39; 95% CI, −9.08 to −1.73; P = .01) and approached significance for A(H3N2) (Egger's test; t = −2.02; 95% CI, −6.00 to .33; P = .07). Multiple single-arm nonrandomized clinical studies showed an increased proportion of patients with cancer attaining the criteria for seroprotection after vaccination. Two nonrandomized controlled trials recruiting immunocompetent control groups concurred with our meta-analyses [27, 30] . The mean geometric increase in HI titer after vaccination in patients with cancer commonly exceeded the CHMP criteria, although to a lesser extent than observed in healthy controls. Immunological response to influenza A/H1N1/California/ 07/2009 vaccine antigens was assessed in 2 studies demonstrating statistical equivalence compared with healthy controls [31, 32] . Thirty-one studies described local or systemic adverse events that were typically mild, indicating influenza vaccination was well tolerated by patients with cancer. The rate of adverse events was often comparable between study groups, with many studies citing no statistically significant difference compared with healthy controls or PNV groups. No consistent evidence of disease progression or serious adverse events was identified as being related to the administration of influenza vaccination in 8 studies that reported data on these outcome measures.
Transplant Recipients (Solid Organ and Hematological)
Fifteen studies reported the incidence of ILI after vaccination in transplant recipients. Meta-analysis of 2 studies (PNV comparator) showed a statistically significant pooled odds ratio of 0.27 (95% CI, .11-.66; P = .004) with no heterogeneity (I 2 = 0.0%; P = NS). Eight single-arm clinical studies showed very low numbers of vaccinated transplant recipients with a diagnosis of ILI (6 reported no cases during follow-up) and another study showed statistically equivalent rates of ILI in those who seroconverted to each vaccine antigen and those who did not [33] . The rates of ILI in studies vaccinating transplant recipients and immunocompetent controls were highly comparable. Four studies investigated the prevention of laboratoryconfirmed influenza after vaccination in transplant recipients. Only 1 study included a control group, and a single case was virologically confirmed from 3 renal transplant recipients who developed ILI after vaccination [34, 35] .
Fifty-five studies reported on serological response to influenza vaccination. Meta-analyses showed pooled effect sizes for seroconversion and seroprotection that were lower in patients than in VICT controls (see Table 1 ), although these only reached statistical significance for seroconversion to influenza A(H3N2) and B subtypes [4] . Meta-analysis of seroconversion (<1:40 to ≥1:40 HI titer after vaccination) for influenza B was conducted but subsequently abandoned because I 2 reached 87.3%. Tabulation of studies reporting CHMP parameters for transplant recipients showed findings consistent with our meta-analyses. A weaker response to influenza vaccination was observed compared with VICT controls, although some studies showed comparable or increased responsiveness for some influenza subtypes [36, 37] . Numerous studies described a mean geometric increase after vaccination in excess of the CHMP criteria. Twenty-five studies described local or systemic adverse events in transplant recipients; influenza vaccination was generally well tolerated with only minor events reported. The rate of adverse events was comparable to that in healthy controls or placebo vaccinees in studies that recruited a control group. Thirty studies reported outcome measures pertaining to tissue rejection or allograft function in transplant recipients vaccinated against influenza, but there was no consistent evidence of an association with these outcomes, nor of serious adverse events.
Patients With Autoimmune Disease Treated With Immunosuppressants
Five studies reported on the rate of ILI in vaccinated patients with autoimmune diseases but were unsuitable for metaanalysis. Limited evidence suggests influenza vaccination is beneficial, resulting in low rates of ILI, possibly comparable to rates in VICT controls.
One study reported on laboratory-confirmed influenza in vaccinated patients with autoimmune disease. Del Porto et al obtained pharyngeal swab samples from all 3 patients with ILI; 1 sample was influenza positive [38] .
Twenty-six studies described serological outcome measures in patients with autoimmune diseases. Table 1 shows pooled effect sizes for seroconversion (≥4 fold rise in HI titer; VICT control group) to seasonal influenza A(H1N1) and B were statistically equivalent although significant heterogeneity was present, however the pooled odds ratio was significantly higher for influenza A(H3N2). Meta-analysis of 7 studies for seroprotection against seasonal influenza A(H1N1) gave significantly lower odds in patients compared with VICT controls. The odds of seroprotection against influenza A(H3N2) and B were equivalent between vaccinated patients and VICT controls, although the estimated pooled effect size intimated a weaker response in patients. Additional data from 13 studies support our meta-analyses, although some studies showed a weaker response in patients with autoimmune disease. The mean geometric mean titer after vaccination was commonly greater than the CHMP criteria of 2.5, although less than in VICT controls.
Local or systemic adverse events were described by 21 studies; they were typically mild and self-limited. Rates of adverse reactions were typically similar between vaccinated patients on immunosuppressive therapy and those not receiving therapy or healthy controls. Fifteen studies reported outcomes pertaining to disease progression or worsening of clinical symptoms, although no consistent evidence demonstrated worsening of autoimmune disease activity after vaccination [39] [40] [41] . No serious adverse events were reported as being related to administration of influenza vaccination.
Patients With Respiratory Conditions Treated With Immunosuppressants (Predominately Corticosteroids)
We identified a significant paucity in literature describing clinical protection achieved through vaccination of patients with respiratory conditions who are immunosuppressed by receiving oral or inhaled corticosteroids. Two randomized controlled trials showed no cases of ILI in a cohort of patients with pulmonary tuberculosis followed up for 6 months, or of laboratoryconfirmed influenza in children infected with tuberculosis followed up for 11 months [42, 43] .
Six studies described the immunological response to influenza vaccination in immunosuppressed patients with respiratory conditions. Meta-analysis of seroconversion in 2 studies, with comparison to VICT controls, showed no significant differences for seasonal influenza A(H1N1) and A(H3N2; see Table 1 ). The pooled effect size for seroconversion to influenza B was 0.29 (95% CI, .14-.59; P = .001). Data from these studies grouped patients receiving oral and inhaled corticosteroids, so we cannot report this separately [44, 45] . Only 1 other study reported serological outcomes based on CHMP criteria (which could not be pooled for meta-analysis), showing an increased rate of seroconversion in patients receiving medium-or high-dose corticosteroids compared with PNV controls [44] .
Six studies reported adverse events in patients with respiratory conditions receiving immunosuppressive medication, showing that influenza vaccination was associated with only minor and transient adverse events. However, Nicholson et al reported that differences between symptom scores in vaccine and placebo recipients reached statistical significance for upper respiratory, systemic, and all symptoms [46] . The authors also reported that patients were no more likely to be hospitalized, consult family practitioners, or take antibiotics or oral steroids after administration of active vaccine, compared with placebo. Three studies described the effect of influenza vaccination on asthma symptoms, and 1 study described its effect on tuberculosis antibody levels; none showed a statistically significant difference compared with controls (after statistical adjustment in 1 study) [42, [46] [47] [48] . No serious adverse events were reported in relation to the administration of influenza vaccine.
DISCUSSION
This review is the first to report clinical outcome measures following influenza vaccination after stratification by etiology of immunocompromise. Our meta-analyses suggest that vaccinating HIV-positive patients, patients with cancer, and transplant recipients against influenza confers a statistically significant degree of clinical protection against ILI, with additional narrative data in concordance. A paucity of evidence for autoimmune and respiratory conditions treated with immunosuppressants was identified. The pooled odds of seroconversion and seroprotection were commonly lower and reached statistical significance in HIV-positive patients, patients with cancer, and transplant recipients compared with VICT controls, suggesting a suboptimal serological response. However, our meta-analysis for seroprotection in patients with cancer should be interpreted with caution owing to a risk of publication bias. Meta-analyses of serological data for autoimmune and respiratory conditions treated with immunosuppressants were largely statistically equivalent compared with VICT controls (with some exceptions including a likely artifactual result for seroconversion to influenza A [H3N2]). We report 2 meta-analyses of seroconversion in HIV-positive patients compared with PNV controls that show a greater pooled estimate of effect, although neither reached statistical significance. Influenza vaccination was generally well tolerated, although the frequency and distribution of mild adverse effects may differ within and between etiological groups. We identified limited evidence of a transient increase in viremia and a decrease in the percentage of CD4 + cells in HIV-positive patients after vaccination, although this was not accompanied by worsening of clinical symptoms. We previously reported several limitations of this study, including risk of bias and confounding due to inclusion of nonrandomized and observational studies, pooling of outcome measure data after vaccination against 2009 pandemic influenza A(H1N1) although only one such study was included in the ILI meta-analysis for transplant recipients (PNV comparator), and clinical and statistical heterogeneity that may challenge the validity of our meta-analyses [4] . Additional caveats pertaining to this secondary analysis warrant discussion. Potential confounding variables specific to our 5 etiological groups may not have been controlled or accounted for, such as duration and dose of highly active antiretroviral therapy in HIV-positive patients or chemotherapy in patients with cancer, differences between patients with solid tumors and hematological malignancies or those currently receiving chemotherapy, stem cell and tissue transplant recipients, and variation between patients receiving different antirejection regimens after transplantation. Pooling data from studies of patients with respiratory conditions treated with inhaled or oral steroids may be problematic and reduces the reliability of our findings because of a potential difference in the long-term immunosuppressant effect associated with different steroid dose equivalents and routes of administration. We note the lack of adequate data to support analyses of response to vaccination in different groups of patients with cancer, and the preponderance of cancer studies included in our review, which recruited children with hematological malignancies. Including studies published since the 1970s is potentially problematic due to advancements in antiretroviral and immunosuppressive therapies, including the increased severity of induced immunosuppression caused by current chemotherapy regimens. Previous exposure to influenza vaccination, timing of vaccine administration and immunosenescence may also be important effect modifiers contributing to heterogeneity. We did not attempt to delineate adverse events that are associated with immunological or other laboratory markers of disease not directly affecting the immunocompromised state but may otherwise precede a clinically significant event (eg, alloreactive antibody levels in transplant recipients). Furthermore, our review questions and search strategy were not designed to resolve potential differences in degree of immunocompromise or in the effect of vaccination within any of the etiological groups we analyzed. Many included studies stratified patients by CD4
+ cell count, HIV RNA load, or AIDS status, which prevented an assessment of response to vaccination for all recruited patients. Finally, control subjects recruited in some studies had current or previous risk factors for HIV, raising the possibility of subclinical disease.
In light of our findings, and in recognition that immunocompromised patients are at higher risk of infection or serious complications after infection [3, 49] , we advocate that clinicians should follow national guidance and consider prioritizing such patients for influenza vaccination. Being mindful of the caveats above and the breadth of each review question, clinicians should consider the generalizability of our findings to their typical patient population and setting.
In conclusion, clinical judgment remains important when discussing the benefits and safety profile of influenza vaccination with immunocompromised patients, which should include consideration of underlying comorbid conditions and risk factors for exposure to infection or influenza-related disease. Our analyses show evidence of effectiveness and a favorable safety profile for the 5 etiological groups reported. However, our data suggest that the clinical and serological response to influenza vaccination in patients with HIV infection, patients with cancer, and transplant recipients may be worthwhile but inferior compared with VICT controls, whereas patients with autoimmune or respiratory conditions receiving immunosuppressive drug therapy may show a response similar to that in controls. We acknowledge that the degree of protection conferred by vaccination may vary by etiology, and within each etiological group according to immune status or other factors, although our systematic review was not designed to study these. There is a paucity of evidence from patients with autoimmune or respiratory conditions on immunosuppressive drug therapy. Because of the methodological limitations of currently published research, we advocate further well-designed interventional studies to improve the overall quality and quantity of evidence on the clinical and serological response to influenza vaccination in immunocompromised patients [4] .
Notes from several influenza antiviral drug and vaccine manufacturers. All forms of personal remuneration ceased in September 2010, but influenza-related research funding from GlaxoSmithKline, F. Hoffmann-La Roche and
